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related decline in cardiovascular function via
attenuation of CaMKII

Shinsuke Nirengi"*>**, Benjamin Buck"®, Devleena Das"®,

Carmem Peres Valgas da Silva3, Jazmin Calyeca®'’, Lisa A. Baer"23,
Hsiang-Ling Huang ® "3, Pablo Vidal ® %3, Revati S. Dewal"3,

Kelsey M. Pinckard"3, Elisa Félix-Soriano"*3, Diego Hernandez-Saavedra® '3,
Andrew Gerea"?3, Kavya Dathathreya™®, Silvia Duarte-Sanmiguel"®,

Ty A. Saldana’, Harrison L. Hookfin8, Matthew W. Gorr8, Valerie Bussberg®,
Juan J. Aristizabal-Henao ® °, Michael A. Kiebish®, Roeland J. W. Middelbeek ®°,
Laurie J. Goodyear ®'°, Paul M. Coen®", Krishna Chinthalapudi3,

Loren E. Wold®"8, Ana L. Mora®"’, Thomas J. Hund"®%,

Daniel Gallego-Perez"*® & Kristin 1. Stanford ® %3

Received: 8 April 2024

Accepted: 22 July 2025

Published online: 02 August 2025

M Check for updates

Aging poses significant challenges to cardiovascular health necessitating novel
therapeutic approaches. This study investigates the potential of the brown
adipose tissue (BAT) derived lipokine 12,13-diHOME to mitigate age-induced
impairments in cardiovascular function. Analysis of human and rodent plasma
signaling lipids reveals a decline in 12,13-diHOME levels with age. Transplan-
tation of BAT or sustained upregulation of 12,13-diHOME effectively preserved
cardiac function in aged male and female mice. Bulk RNA-Seq of hearts from
aged mice reveals significant increases in pathways involved in ER stress and
fibrosis which were partially attenuated by BAT transplantation or sustained
upregulation of 12,13-diHOME. Mechanistically, in vivo and in vitro models
demonstrate that 12,13-diHOME alleviated ER stress through CaMKII inhibi-
tion, particularly in males. These findings underscore 12,13-diHOME as a pro-
mising candidate for combating age-related cardiovascular dysfunction,
offering insights into potential therapeutic strategies for addressing cardio-
vascular diseases in aging populations.

Older adults are the fastest-growing demographic segment in the U.S
population and worldwide. It is predicted that more than 20% of the U.S.
will be over the age of 65 by the year 2030". Aging is among the stron-
gest risk factors for a multitude of diseases, including both metabolic
and cardiovascular disease?, elevating the significance of developing
potential therapeutic treatments. Aging causes a decrease in systolic and
diastolic cardiac function and an increase in pathological hypertrophy**.
These aging-induced effects on cardiovascular health and function are
related to disrupted Ca* cycling, uptake, storage, and release’.

Aging is also associated with a decrease in brown adipose tissue
(BAT), a tissue that plays an important role in combating the
development of metabolic and cardiovascular disease® . Recent
epidemiological studies have established a positive correlation
between BAT activity and cardiovascular function in humans'®",
Studies in rodents have demonstrated that BAT transplantation, or
BAT stimulation by cold or exercise stimulate the endocrine activity
of BAT and affect whole-body metabolism and cardiovascular
function ™. Previous work from our laboratory demonstrated that
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BAT enhances calcium cycling and cardiac function in young,
healthy, male mice, both in vivo and in vitro, via release of the
lipokine 12,13-diHOME™®. However, the ability of BAT or 12,13-
diHOME to directly affect cardiovascular health and function in a
model of senescence has not been investigated.

In this study, we demonstrate that 12,13-diHOME is significantly
decreased with age in both humans and rodents. Increasing 12,13-
diHOME, either by BAT transplantation or sustained upregulation via
tissue nanotransfection (TNT), preserves cardiovascular health and
function in aged (-24 months old) male and female mice. Heart RNA-
Seq data demonstrate an increase in the expression of genes involved
in endoplasmic reticulum (ER) stress and the extracellular matrix with
aging, which are attenuated by transplantation of BAT or an increase in
12,13-diHOME in male, but not female mice. Further, we identify a
unique role for 12,13-diHOME to directly interact with and inhibit Ca?/
calmodulin-dependent protein kinase II (CaMKIl), identifying a
potential mechanism for 12,13-diHOME to regulate Ca*" cycling, a
crucial factor that impairs cardiac function. Together, these data
identify a role for BAT and 12,13-diHOME to prevent the age-induced
decline in cardiac function.

Results

Circulating oxylipins are decreased with age in humans and mice
While it is known that the thermogenic activity of BAT decreases with
age® ', less is known about the effect of age on the endocrine function
of BAT. To determine if circulating lipids were altered with age, we
performed liquid chromatography mass spectrometry (LC-MS/MS) on
plasma of young (aged 18-35) and aged (aged 65-90) human subjects.
A panel of 88 mediator lipids with annotated signaling properties was
detected. One-way hierarchical clustering (Fig. 1a) and principal com-
ponent analysis (Fig. 1b) revealed a distinct effect of age on lipid sig-
naling in humans. To probe age-induced changes in individual lipids,
we performed differential expression analysis and focused on signal-
ing lipids that changed on a Log2 fold scale with p <0.05. Nineteen
lipids were altered with age in humans; 9 decreased with age, and 10
increased with age (Fig. 1c).

The effect of age on signaling lipids was also measured in young
(3-month-old) and aged (18-month-old) male mice. One-way hier-
archical clustering and principal component analysis exposed a dis-
tinct effect of age on lipid signaling in mice (Fig. 1d, e). A volcano plot
revealed 31 signaling lipids were decreased, and one signaling lipid
increased, in aged mice (Fig. 1f). Interestingly, there were seven oxy-
lipins that decreased with age in both mice and humans (Supplemen-
tary Table 1 and Supplementary Data 1, 2), including 12,13-diHOME
(Fig. 1g, h), which we have previously identified to be released from
BAT and improve cardiac function®.

Transplantation of BAT ameliorates age-induced impairments in
cardiac function

To investigate whether the decrease in 12,13-diHOME contributes to
age-related impairments in cardiac function, we increased BAT mass
by transplantation™"”. Our previous work demonstrated that BAT
transplantation increases circulating 12,13-diHOME in young, male
mice”. BAT was transplanted from young (3-month-old) male and
female mice into the visceral cavity of sex-matched 21-month-old
mice™” (Fig. 2a). Twelve weeks post-transplantation, echocardio-
graphy revealed that +BAT preserved ejection fraction in male and
female mice (Fig. 2b) and attenuated the age-induced increase in left
ventricular posterior wall thickness (LVPW) (Fig. 2¢). Importantly, as
cardiac hypertrophy is a hallmark of cardiac aging, the hypertrophy
index (LVPW/diastolic diameter) was calculated in male and female
mice. The hypertrophy index was significantly reduced in +BAT male
and female mice (Fig. 2d and Supplementary Tables 2, 3). In vivo
cardiac hemodynamics revealed that male and female +BAT had
increased systolic function (Fig. 2e). A greater —dP/dty,;, in +BAT

mice indicated accelerated relaxation and enhanced diastolic func-
tion (Fig. 2f) compared to age- and sex-matched sham mice. There
was no effect of BAT transplantation on body composition or glucose
tolerance in aged male or female mice (Supplementary Fig. 1a-d).
Together, these data demonstrate that +BAT counteracts age-
induced cardiac dysfunction and pathological hypertrophy in both
male and female mice.

The viability of transplanted BAT was assessed by 2-deoxy-D-
glucose (2-DG) injection and gene expression analysis. Twelve weeks
after BAT transplantation, 2-DG injection showed active glucose
uptake by the transplanted BAT (Supplementary Video). Gene
expression analysis revealed no differences in gene expression of
Ephx1, or Pgcla in endogenous BAT compared to transplanted BAT.
Ephx2, Prdmi6, Ucpl, and Glut4 were still present in transplanted BAT,
but expression was decreased in the transplanted tissue, similar to a
previous study (Fig. 1e)". There were also no changes in inflammatory
markers of the endogenous pgWAT in mice that received +BAT com-
pared to Sham (Supplementary Fig. 1f) mice.

To determine if this improvement in cardiovascular function
was specific to transplantation of BAT, or if transplantation of
adipose tissue from a young mouse would be sufficient to confer
these beneficial effects, 0.1 g of perigonadal white adipose tissue
(pgWAT) was transplanted from young (3-month-old) male mice
into the visceral cavity of sex-matched 21-month-old mice'*™.
Transplantation of 0.1g pgWAT did not affect ejection fraction
(Supplementary Fig. 2a) or in vivo cardiac hemodynamics com-
pared to Sham mice (Supplementary Fig. 2b, c). There were no
changes in inflammatory markers of the endogenous pgWAT in
mice that received +WAT compared to Sham (Supplementary
Fig. 2e) mice. Taken together, these data indicate that the
improvement in cardiovascular health and function is specific to
transplantation of BAT.

BAT transplantation increases 12,13-diHOME in aged male and
female mice

Given our data demonstrating the effect of age on signaling lipids, the
putative endocrine role of BAT, and our previous studies demon-
strating the effect of 12,13-diHOME on cardiovascular function, we
performed LC-MS/MS on plasma from male and female Sham and
+BAT mice to determine if increasing BAT altered the lipidomic profile
of aged male and female mice. A volcano plot revealed that BAT
transplantation in aged mice altered the levels of seven lipids: three
were decreased and four were increased, including 12,13-diHOME
(Fig. 3a, b and Supplementary Table 4). There was no increase in 12,13
diHOME in mice that received 0.1 g pgWAT compared to Sham mice
(Supplementary Fig. 2e).

Acute injection of 12,13-diHOME treatment improves cardiac
function in male aged mice

Since increasing BAT (+BAT) resulted in an increase in 12,13-diHOME,
and 12,13-diHOME has previously been shown to increase cardiac
function in young, male mice”, we investigated the role of 12,13-
diHOME to mitigate age-induced impairments in cardiovascular func-
tion. Aged male and female mice were injected with 12,13-diHOME or
an equivalent amount of its isomer, 9,10-diHOME, and in vivo cardiac
hemodynamics were measured. Acute treatment with 12,13-diHOME
increased systolic (Fig. 3c) and diastolic (Fig. 3d) function in male mice.
Interestingly, these improvements were not observed in female mice
(Supplementary Fig. 3a, b).

Sustained overexpression with 12,13-diHOME improves cardiac
function in male and female aged mice

After determining the effect of 12,13-diHOME to acutely increase
in vivo cardiac hemodynamics, we investigated the potential ther-
apeutic applications of an increase in 12,13-diHOME. 12,13-diHOME,
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Fig. 1| Circulating lipids are altered with age in humans and mice. Plasma lipid
profiles of young (18-35 year old) and older (65-90 year old) humans displayed as
a heat map, b principal component analysis, and ¢ volcano plot. Plasma lipid pro-
files of young (3 months old) and older (24 months old) male mice displayed as
d heat map, e principal component analysis, and f volcano plot. Quantification of
12,13-diHOME in g humans (green: young, red: aged) and h mice (dotted green:

young, dotted red: aged). Humans n=7 and 12 per group. Mice n =7 per group.
Data are expressed as mean + SEM. Volcano plot shows the log2 fold change versus
-log10 (p) value from two-sided Student’s ¢ tests. False discovery rate (FDR) cor-
rection was applied, with significance threshold set at FDR < 0.05 (c, f). Two-tailed P
values by unpaired Student’s ¢ test (g, h).

similar to other oxylipins, has a very short half-life’**°; we found

that 30 min after acute injection there is no difference in circulating
12,13-diHOME (Supplementary Fig. 4). To address the challenge
posed by the short half-life of 12,13-diHOME, we utilized a non-viral
gene therapy technology, TNT using plasmids that expressed genes
of interest, Ephx1 and 2, the enzymes that convert 12,13-epOME to
12,13-diHOME™*". We have previously shown that a sustained
overexpression of 12,13-diHOME via TNT preserved cardiac function
in young, male mice”. To investigate if a sustained overexpression

of 12,13-diHOME preserved cardiac function in male and female
mice in a model of aging, TNT was performed in 21- month- old mice
using plasmids that contain the genes for the soluble epoxide
hydrolase 1 and 2 (Ephxl and Ephx2; TNT-Ephx1/2), or a Sham
plasmid (TNT-Sham). These plasmids were electropolated on both
the dorsal and ventral skin once a week for 6 weeks to drive sus-
tained expression of Ephxl and 2 (TNT-Ephx1/2) (Fig. 4a). TNT-
driven overexpression of Ephx1/2 increased expression 12,13-
diHOME in circulation (Fig. 4b, c; Supplementary Table 5) and
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Fig. 2| BAT transplantation improves cardiac function and remodeling in aged
male and female mice. a Schematic illustration of BAT transplantation (Created in
BioRender. Baer, L. (2025) https://BioRender.com/Oc6k2kp); b Ejection fraction,
c left ventricular posterior wall thickness (LVPW), d hypertrophy index and

e systolic and f diastolic function in aged male and female mice. n = 8 (sham males),
n=7 (+BAT males), n =10 (sham females), n =11 (+BAT females)-group. Data are
expressed as mean + SEM. Two-tailed P values by unpaired Student’s ¢ test (b-f). Bar
colors: white (sham), blue (+BAT males), red (+BAT females) (b-f).

expression of Ephx1 and Ephx2 in the skin (Fig. 4d). There was no
effect of an increase in 12,13-diHOME on body composition or glu-
cose tolerance (Supplementary Fig. 5a-d).

Similar to BAT transplantation (+BAT), treatment with TNT for 6
weeks preserved ejection fraction (Fig. 4e, Supplementary Table 6,7),
LVPW thickness (Fig. 4f), and reduced the hypertrophy index (Fig. 4g).
Male and female mice and TNT-Ephx1/2 increased systolic and diastolic
function compared to sex-matched TNT-Sham mice (Fig. 4h, i).
Together, these data indicate that TNT-driven up-regulation of 12,13-
diHOME preserves cardiovascular health and function in male and
female aged mice.

Increasing BAT reduces markers of ER stress in hearts from
aged mice

To decipher the underlying mechanisms through which +BAT or 12,13-
diHOME attenuate the aging-induced changes in the heart, we inves-
tigated changes to the heart transcriptome by measuring bulk RNA
Sequencing (RNA-Seq) in young (3 months of age), aged (24 months of
age) and +BAT aged (24 months of age) male mice. Among the 13,807
genes detected, 143 genes were altered with age (100 increased and 43
decreased; young vs. aged) and 416 with +BAT (279 increased and 137
decreased; aged vs. +BAT aged) (Fig. 5a; Supplementary Fig. 6a,b).
Differential gene expression analysis revealed certain gene clusters
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(cluster 2, 4, and 8) that were altered in a similar manner in the +BAT
and young mice as observed in the heatmap (Fig. 5a). To characterize
the mechanism of how +BAT affects the aged heart, Gene Ontology
(GO) analysis detected changes in pathways involved in the extra-
cellular matrix, mitochondria, and ER in both aging and +BAT condi-
tions (Fig. 5b, c).

BAT and 12,13-diHOME reduce ER stress and perivascular fibro-
sis in an aged male, but not female mice

It is well established that ER stress is a pivotal factor in aging, as it can
induce mitochondrial dysfunction and hypertrophy of the extra-
cellular matrix. We first validated our RNA-Seq results by measuring
gene expression via qPCR in genes involved in ER stress with aging that
were reverted to a “young” phenotype by BAT transplantation. In line
with the RNA-seq data, genes involved in ER stress were increased in
aged male mice compared to young mice, and this was completely
attenuated in the +BAT aged mice (Fig. 6a). To investigate changes in
ER stress genes more quantitatively, we measured the ratio of the
spliced isoform to total XBP1 mRNA which can be used as a marker of
the IRE1-mediated ER stress response?. There was a decrease in spliced
to unspliced XBP1 ratio in young and +BAT aged mice compared to
sham mice, indicating an attenuation of ER stress with +BAT (Fig. 6b).
Interestingly, there was no difference in ER stress markers in female
mice among young, aged, or +BAT aged (Supplementary Fig. 7a,b).

To determine if an increase in 12,13-diHOME attenuated the ele-
vated expression of genes involved in ER stress, we measured markers
of ER stress in TNT-Sham and TNT-Ephx1/2 male and female mice.
Similar to what was observed with BAT transplantation (+BAT), TNT-
Ephx1/2 significantly reduced expression of genes involved in ER stress
compared to aged male mice. Furthermore, ER-stress-related apop-
tosis markers (GADD34 and Chop) were attenuated by the increase in
12,13-diHOME (Fig. 6c), and there was a decrease in spliced to
unspliced XBP1 ratio in the TNT-Ephx1/2 mice compared to the TNT-
Sham mice (Fig. 6d). Importantly, 30 min after injection with 12,13-
diHOME, the sXBP1/uXBP1 ratio was significantly decreased in male
mice, while there was no effect after injection of 9,10-diHOME (Fig. 6€).
Interestingly, this reduction in ER stress was independent of other
changes in cardiac inflammation (IL-6, IL-1B3, TGF-3, and TNF-a) and
oxidative stress (SOD1, SOD2, Nrf2, and Gpx1) in aged males (Supple-
mentary Fig. 8), suggesting the ER stress specific response.

In contrast to male mice, there were no differences in ER stress
markers in female mice in response to TNT-Ephx1/2 (Supplementary
Fig. 7b,c) or acute treatment of 12,13-diHOME (Supplementary
Fig. 7d). After observing the lack of effect of 12,13-diHOME on ER
stress in aged female mice, we compared the sXBP1/uXBP1 ratio in
male and female mice. Consistent with previous literature?’, female
mice had a decreased sXBP1/uXBP1 ratio compared to male mice,
indicating reduced ER stress (Supplementary Fig. 7e). Thus, it is
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Fig. 4 | Sustained overexpression of 12,13-diHOME improves cardiac function
and remodeling in aged mice. a Schematic illustration of tissue nano-
transfection (TNT)- epoxide hydrolase 1 and 2 (Ephx1/2) intervention (Created
in BioRender. Baer, L. (2025) https://BioRender.com/Oc6k2kp). b Volcano plot
of signaling lipids, ¢ quantification of 12,13-diHOME; n=12 (sham) and n=15
(TNT), and d TNT-Ephx1/2 increased gene expression of Ephxl and 2 in the
skin; n=7 (sham) and n=6 (TNT). e Ejection fraction, f left ventricular pos-
terior wall thickness (LVPW), g hypertrophy index; n=13 (sham males), n=7
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(TNT males), n=10 (sham females), n=8 (TNT females), h systolic function,
and i diastolic function in aged mice; n=6 (sham males), n=7 (TNT males),
n=9 (sham females), n=5 (TNT females). Data are expressed as mean + SEM.
Volcano plot shows the log2 fold change versus -logl0O (p) value from two-
sided Student’s ttests. False discovery rate (FDR) correction was applied, with
significance threshold set at FDR < 0.05 (b). Two-tailed P values by unpaired
Student’s ttest (c-i). Bar colors: white (sham), purple (TNT) (c, d). Bar colors:
white (sham), blue (TNT males), pink (TNT females) (e, i).
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Fig. 5| BAT transplantation alters pathways involved in ER stress and fibrosis in
the heart. a Heat maps comparing young (3 months old), aged (24 months old) and
+BAT aged male mice. b, ¢ Gene ontology analysis of pathways altered among

young (3 months old; n=7), aged (24 months old; n=9) and +BAT aged male mice
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(n=5). Gene ontology enrichment analysis was performed using Metascape. P-
values were calculated using the cumulative hypergeometric test and adjusted for
multiple comparisons using the Benjamini-Hochberg method (b, c).

possible that there is no effect of 12,13-diHOME to reduce ER stress
in female mice because their baseline ER stress is already lower than
that of male mice.

RNA-Seq analysis also revealed significant increases in extra-
cellular matrix (ECM) pathways with +BAT. Considering the important
biological role of fibroblasts in the production of the ECM, and the fact
that perivascular fibrosis is known to increase with age”, we investi-
gated if an increase in 12,13-diHOME affected perivascular fibrosis in
male mice. Perivascular fibrosis and wall lumen ratio were both
reduced in +BAT aged compared to sham, and in TNT-Ephx1/2 mice
compared to TNT-Sham (Fig. 6f, g). The tunicamycin-induced spliced
to unspliced XBP1 ratio was attenuated by 12,13-diHOME in cardiac
fibroblasts from young male mice (Fig. 6h). Together, these data
indicate that an increase in 12,13-diHOME through either BAT trans-
plantation or TNT negates aging-induced increases in ER stress and
perivascular fibrosis in male mice.

12,13-diHOME does not improve cardiac function or mediate ER
stress in nNOS~~ male mice

Our previous studies showed that 12,13-diHOME requires nNOS to
exert its beneficial effects on cardiac function in both in vivo and
in vitro®. Consequently, we investigated TNT-Ephx1/2 could attenuate
ER stress and improve cardiac function in nNOS™ mice, where 12,13
diHOME is increased but cannot exert its beneficial effects. It is
established that a high-fat diet can increase markers of ER stress*, thus
wild-type (WT) and nNOS™ were placed on a high-fat diet (60% kcal
from fat) beginning at 6 weeks of age. At 12 weeks of age, mice were
subjected to TNT-Ephx1/2 for 6 weeks. TNT-Ephx1/2 increased 12,13-
diHOME in circulation in nNOS™ mice (Fig. 6i). While the nNOS™ mice
weighed less than the WT mice, there was no effect of an increase in
12,13-diHOME on body weight, % fat mass, or % lean mass (Supple-
mentary Fig. 9a-c). There was no effect of an increase in 12,13-diHOME

on glucose tolerance, similar to our previous studies”™" (Supple-
mentary Fig. 9d).

We then investigated the effects of an increase in 12,13-diHOME on
cardiovascular function in WT and nNOS™ mice fed a high-fat diet.
Ejection fraction was preserved in WT TNT-Ephx1/2 mice compared to
WT TNT-Sham mice, but there was no effect of TNT-Ephx1/2 to affect
ejection fraction or other cardiovascular parameters in nNOS™ mice
(Fig. 6j, Supplementary Table 8). To determine if this preservation of
ejection fraction was related to changes in ER stress genes, a panel of
ER stress genes was measured and revealed that TNT-Ephx1/2 reduced
markers of ER stress in WT mice but had no effect in nNOS™ mice
(Fig. 6k). There was also a decrease in spliced to unspliced XBP1 ratio in
the WT TNT-Ephx1/2 mice compared to the WT TNT-Sham mice, while
this was not altered in the nNOS”" mice (Fig. 6l). Collectively, these
data indicate that TNT-Ephx1/2 does not affect cardiac function in the
nNOS™" mice, indicating that the improvement in cardiac function is
specifically mediated by 12,13-diHOME.

12,13-diHOME mediates ER stress by attenuation of pCaMKII
Age-induced increases in ER stress are attributed to disrupted cal-
cium homeostasis®*. CaMKIlI is a key player in cardiac dysfunction
and pathological remodeling of the heart and acts as a pathological
mediator of ER stress, and aging increases CaMKII activity in the
heart” . To determine if 12,13-diHOME mediates ER stress by
modulating CaMKII signaling, we measured the levels of total CaMKII
and CaMKII phosphorylated at T286/287 (pCaMKIl) in the hearts of
mice with increased 12,13-diHOME. These measurements served as
in situ surrogates for CaMKII activity and revealed that sustained
overexpression of 12,13-diHOME reduced pCaMKIl in male (Fig. 7a),
but not female mice (Supplementary Fig. 10a). Overexpression of
12,13-diHOME attenuated pCaMKII in high-fat diet-fed, young, WT
mice, but not in nANOS™ male mice (Fig. 7b).
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To determine if there was a direct interaction of 12,13-diHOME and
CaMKIl, we performed in vitro experiments using commercially
available purified components of 12,13-diHOME and CaMKII§ protein,
which showed that 12,13-diHOME directly inhibits CaMKII activity at
micromolar concentrations (Fig. 7c). Microscale Thermophoresis
(MST) studies indicated that 12,13-diHOME binds directly to CaMKIIS
+ ATP with a K; of 19 and 24 uM in the absence and presence of ATP,
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respectively. These experiments suggest that 12,13-diHOME allosteri-
cally interacts with CaMKIIS rather than competing for the kinase
active site (Fig. 7d, e).

In order to determine if 12,13-diHOME could reach a concentra-
tion in vivo that directly inhibit pCaMKII, we measured pCaMKII after
acute injection of 12,13-diHOME in the heart and showed that injection
of 12,13-diHOME, but not 9,10-diHOME, significantly reduced pCaMKII
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Fig. 6 | 12,13-diHOME attenuates age-induced ER stress in male mice. a, b BAT
transplantation attenuates ER stress in the hearts of aged mice; n=>5 (Young; green
bar), n =7 (aged; white bars), n = 8 (+BAT aged; blue bars). ¢, d TNT-Ephx1/2 reduces
ER stress in the hearts of aged mice; n =7 (sham; white bars), n =8 (TNT; light blue
bars). e Acute treatment with 12,13-diHOME (12,13-diHOME; blue bars; n=7)
attenuates ER stress compared to vehicle (9,10-diHOME; white bars; n=7). f BAT
transplantation (n =5; blue bars) and g TNT-Ephx1/2 (n = 3; light blue bars) reduce
perivascular fibrosis and wall-to-lumen ratio compared to sham controls (n=3 or 5;
white bar). Scale bar, 50 pm (black). h usXBP1/sXBP1 ratio in murine fibroblasts
after incubation with tunicamycin and/or 12,13-diHOME; n =3. Bar colors: white
(PBS), blue (12,13-diHOME), red (Tunicamycin), purple (12,13-diHOME +

Tunicamycin). P< 0.001 vs. PBS; #P< 0.001 vs. 12,13-diHOME; 'P< 0.001 vs. Tuni-
camycin. i 12,13-diHOME; n =10 (sham; white), n=5 (TNT; red), j ejection fraction,
k expression of ER stress in the heart; n=8 or 9, and (I) PCR of usXBP1/sXBP1ratio in
the heart; TNT-Sham (n = 7; white bars) or TNT-Ephx1/2 (n =7; gray bars) in young
WT and TNT-Sham (n = 7; open red bars) or TNT-Ephx1/2 (n = 7; red bar) in nNOS-/-
male mice fed a high-fat diet. P< 0.05 vs. Sham. Data are expressed as mean + SEM
(b, d, e, f,g-j, 1) or mean + SD (a, ¢, k). Statistical analysis was performed using two-
way ANOVA with Tukey’s multiple comparisons test a, b, h or unpaired two-tailed
Student’s ¢ test (c-g, i-1). Imaging data in (f) and (g) were obtained from three
independent cohorts.

in the hearts of mice (Fig. 7g). Importantly, after acute injection, the
concentration of 12,13-diHOME in the heart was -200 ng/g of tissue,
which equates to a concentration 2-3 orders of magnitude higher than
levels measured in the circulation (in the micromolar range) and suf-
ficient to inhibit CaMKII in the heart (Fig. 7f).

There was no effect of 12,13-diHOME to reduce pCaMKII in female
mice (Supplementary Fig. 10b). Interestingly, we found that baseline
pCaMKII was reduced in aged female mice compared to aged male
mice (Supplementary Fig. 1ic), indicating this could be a potential
reason for the lack of effect.

As there was a direct effect of 12,13-diHOME to inhibit CaMKII
activity, we investigated if 12,13-diHOME could modulate the detri-
mental effects induced by hyperactive CaMKII, including ER stress and
mitochondrial dysfunction. Accordingly, we subjected isolated pri-
mary murine fibroblasts to hyperphosphorylating conditions using
okadaic acid (OA) and Angiotensin Il (AT2)*% Incubation with AT2 and
OA reduced mitochondrial respiration and increased ER stress, while
incubation with 12,13-diHOME restored mitochondrial respiration and
attenuated ER stress (Fig. 7h-j). To investigate the translational rele-
vance of this observation, we repeated the experiments using human
fibroblasts. Similar to the murine cells, incubation with OA and AT2
reduced respiration in primary human fibroblasts and this was partially
negated upon incubation with 12,13-diHOME (Fig. 7k, 1). Together,
these data provide a mechanism for 12,13-diHOME to modulate CaMKII
activity and ER stress in a model of aging.

Discussion
Aging is a major risk factor for the development of cardiovascular
disease®, In this study, we identified a mechanism for BAT and 12,13-
diHOME to attenuate the effects of age on cardiovascular health and
function. We demonstrate that increasing BAT or 12,13-diHOME pre-
served cardiovascular health and function in male and female mice. In
male mice, 12,13-diHOME attenuated the expression of genes involved
in ER stress and hyperphosphorylation of CaMKII, identifying a path-
way for 12,13-diHOME to regulate cardiovascular health and function.
Recent studies have identified the multifaceted roles of BAT,
including its endocrine functions™*~*°, potentially contributing to
the amelioration of age-related metabolic diseases. Our study
expands upon this by revealing the effects of age to alter the sig-
naling lipidome in mice and humans. Notably, while it is well known
that BAT mass and thermogenic activity are decreased with age®°,
these data suggest that the endocrine function of BAT also
decreases with age as BAT-released oxylipins, and specifically 12,13-
diHOME, were decreased with age in humans and mice. Remarkably,
this study demonstrates a role for BAT transplantation or an
increase in 12,13-diHOME to increase cardiac function, thus negating
the effects of aging on the heart. While BAT secretes several endo-
crine factors in addition to 12,13-diHOME that have beneficial effects
on the heart, such as FGF21, IL-6, miRNAs (miR-125b-5p, miR-128-3p,
and miR-30d-5p), and other oxylipins"**""*°, our previous study
reported that treatment with sEH inhibitors prevented the beneficial
effects BAT transplantation on cardiac function*°. These data
also emphasize the role for 12,13-diHOME to function as a mediator

in the crosstalk among BAT and the heart™**°, In addition, while we
did not see an effect of transplantation of WAT to increase cardiac
function or increase 12,13-diHOME, in the absence of a direct com-
parison of Sham, +BAT, and +WAT mice with a comparable n, it
cannot be definitively excluded that 12,13-diHOME is not increased
following WAT transplantation. This is a limitation of the
current study.

There is significant data demonstrating the physiological function
of oxylipins* and the beneficial effects of 12,13-diHOME***, Male and
female patients with cardiovascular disease have significantly reduced
circulating 12,13-diHOME compared to healthy individuals of the same
age”. However, because it has a very short half-life'?°, the therapeutic
potential of 12,13-diHOME has not been thoroughly exploited. To cir-
cumvent this issue, we developed a paradigm-shifting approach to
induce a sustained systemic up-regulation of 12,13-diHOME via TNT*?
in the skin. The use of TNT successfully and consistently increases
circulating 12,13-diHOME, allowing us a novel method to test its ther-
apeutic potential and mechanistically determine how it is functioning
to regulate cardiovascular health and function.

ER stress increases with age**°. Excessive ER stress is a key con-
tributor to the adverse effects of impaired cardiac function through
various pathogenic reactions, including cardiac dysfunction, mito-
chondrial dysfunction, Ca* dysregulation, fibrosis, and apoptosis*>™*’.
In male mice, this correlates with impaired Ca** homeostasis®*°. Our
prior investigation demonstrated a pivotal role of 12,13-diHOME in
modulating Ca** homeostasis in isolated cardiomyocytes from wild-
type (WT) mice®, but ER stress was not investigated as a mechanism to
mediate this effect. In the present study, RNA-Seq data revealed an
increase in genes involved in ER stress with age that was attenuated by
BAT transplantation. Both BAT transplantation and a sustained over-
expression of 12,13-diHOME using TNT-Ephx1/2 decreased the
expression of genes involved in ER stress in male, but not female mice.
Importantly, ER stress genes were not increased with age in the hearts
of female mice, suggesting that 12,13-diHOME or BAT may increase
cardiac function in female mice via a different mechanism.

CaMKIlI is a key player in cardiac dysfunction and pathological
remodeling of the heart. It is activated by a broad range of stress
stimuli, including Ca?* and acts as a pathological mediator of ER stress.
CaMKII activity is increased in the heart with age, and previous studies
have investigated the role of CaMKII and ER stress in models of aging
and cardiovascular disease. In these data, we identified a direct role for
12,13-diHOME to act as an allosteric inhibitor of CaMKII with the ability
to attenuate pCaMKIl, both in vivo and in vitro. The Kd for 12,13-
diHOME/CaMKllI interaction was found to be in the range of 19-24 puM.
It is important to note that while the concentration of circulating 12,13
diHOME is in the nanomolar range, this may be due to its short half-life,
which is influenced by metabolic processes, including beta-oxidation
and enzymatic clearance’® . Indeed, our acute 12,13-diHOME treat-
ment data show that while pCaMKIlI is decreased, the circulating levels
did not change. However, the concentration of 12,13-diHOME in the
heart after acute injection is in the range of the Ky measured. These
data provide mechanistic insight into the role of 12,13-diHOME to
mediate cardiovascular function in males.
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Fig. 7 | 12,13-diHOME attenuates CaMKII activity. a Phosphorylated CaMKII
(pCaMKiI) levels are significantly reduced in aged mouse hearts following TNT-
Ephx1/2 treatment compared to sham controls (white bar, n = 6; TNT, light blue bar,
n=6).bIn WT mice on a high-fat diet, TNT-Ephx1/2 lowers pCaMKII expression, an
effect absent in nNOS-/- mice. Bar colors: white (WT Sham; n=5), gray (WT TNT;
n=5), open red (n(NOS~/~ Sham; n=5), red (n(NOS-/- TNT; n=5). ¢ In vitro CaMKII
activity assay after 5-min incubation with 12,13-diHOME (0-25 pM) and [32P]

(2.5 pCi) in 100 pL reaction buffer (-800 pg CaMKII). Bar colors: white (0 uM), light
to dark gray (5-25 uM). d, e MST analysis shows direct binding of 12,13-diHOME to
CaMKII8 with Kd =19.1 uM (no ATP) and 23.7 uM (with ATP). f Acute 12,13-diHOME
treatment (blue bar, n=8) raises cardiac levels vs. 9,10-diHOME (white bar, n=8),

g and reduces pCaMKII levels. h, i Basal and maximal oxygen consumption rates
(OCR) in human fibroblasts. Bar colors: white (PBS, n=9), gray (12,13-diHOME,
n=10), red (AT2 + OA, n=12), purple (12,13-diHOME + AT2 + OA, n=10). *P< 0.001
vs. PBS; 'P<0.001 vs. 12,13-diHOME; “P < 0.001 vs. AT2 + OA. j usXBP1/sXBP1 ratio in
murine fibroblasts after treatment with OA, AT2, and 12,13-diHOME. *P< 0.001 vs.
PBS; 'P<0.001 vs. 12,13-diHOME; P < 0.001 vs. AT2 + OA. k, I Basal and maximal
OCR in human fibroblasts. Bar colors: white (PBS, n = 6), gray (12,13-diHOME, n = 6),
red (AT2+OA, n=8), blue (12,13-diHOME + AT2 + OA, n = 6). Data are expressed as
mean + SEM. Two-way ANOVA with Tukey’s test ¢, h-1; unpaired two-tailed ¢ test
(a, b, f, g). Imaging data in (f) and (g) were obtained from three independent
cohorts.
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We observed similar cardiac phenotypes between males and
females after BAT transplantation or TNT-Ephx1/2, however, the
mechanism by which 12,13-diHOME improves heart function may be
different among sexes. Our data show that TNT-Ephx1/2 attenuates
pCaMKII and the ER stress in males, but not in females. The reason
females did not exhibit lower pCaMKII levels with TNT-Ephx1/2 is not
fully understood; one possible explanation is that females have lower
baseline levels of pCaMKII. Evidence suggests that pCaMKII levels
differ by sex, with the thoracic aortic constriction model increasing
pCaMKII in males but not in females”. Our data also indicate that
pCaMKIl and sXBP1 levels are lower in aged females compared to aged
males (Supplementary Fig. 7f and Supplementary 10c). Additionally,
12,13-diHOME enhances Ca** cycling and mitochondrial respiration in
young cardiomyocytes”, both essential for heart function. Further
studies are needed to investigate these aspects in aged females.

In conclusion, the findings of this study provide mechanisms and
interactions to treat age-related cardiovascular dysfunction using BAT
or 12,13-diHOME. While increasing BAT or 12,13-diHOME increased
cardiac function in both male and female mice, the mechanism for
these improvements are sex-specific. Future studies should delve into
the underlying mechanisms contributing to sex-specific variations,
enabling the development of personalized therapeutic approaches.

Methods

Human subjects

All participants provided written informed consent and the study
protocol was approved by the Institutional Review Boards at Florida
Hospital (IRBnet# 554559-144) or the Joslin Diabetes Center (IRB#
2015-11). Participants were divided into Young (age: 18-35 years, n = 6)
and Aged (age: 65-90 years, n=12). Exclusion criteria included
inability or unwillingness to comply with the protocol, clinically sig-
nificant cardiovascular disease including MI within the past year, the
presence of peripheral vascular disease, hepatic disease, renal disease,
muscular or neuromuscular disease, hematologic/oncologic disease,
peripheral neuropathy, orthopedic limitations, history of pulmonary
emboli, history of alcohol or substance abuse, current use of blood
thinners or any medication that can alter glucose homeostasis.

Mouse model

All the mouse experiments in this study were conducted in accordance
with the ARRIVE guidelines and were approved by the Institutional
Animal Use and Care Committee at The Ohio State University. We
purchased C57BL/6 male and female young (12 weeks old) (Charles
River Laboratories), C57BL/6 male and female mice aged mice
(18 months) (National Institutes of Health), and nNOS™ male mice
(B6;12954-NosI™™"/): stock No. 002633; Jackson Labs). Mice had free
access to food and water, were housed at 23 °C with a standard 12 h
light/12h dark cycle, and were randomly assigned to experimental
groups for use in the experiments. Blinding was not performed during
the conduct of the experiment or outcome assessment due to the
nature of the study. All procedures and assessments were conducted
by the same trained investigator.

Transplantation of BAT or pgWAT

We used established methods for BAT or pgWAT
transplantation"*3*°, Transplantation of 0.1 mg of interscapular BAT
or pgWAT was removed from 12-week-old C57BL/6 mice to sex-
matched 21-month-old C57BL/6 mice. After euthanasia of donor mice
by cervical dislocation, BAT or pgWAT was removed and incubated in
10 ml saline at 37 °C for 20-30 min. Twenty-one-month-old C57BL/6
recipient mice were anesthetized by isoflurane (2-3% in 100% O,) and
BAT or pgWAT from 12-week-old C57BL/6 mice) was transplanted into
the visceral cavity”*°. The transplant was carefully lodged deep
between folds within the endogenous epididymal fat of the recipient.
Mice that were sham-operated underwent the same procedure, but

instead of receiving BAT or pgWAT, their epididymal fat pad was
located, exposed, and then replaced.

Body composition

Body weight was measured using an OHAUS NV212 scale. The body
composition, including fat mass and lean mass, was evaluated by echo-
MRI instrument (EchoMRI LLC) with canola oil calibration™***'.

Glucose and insulin tolerance test

For glucose tolerance tests, animals were fasted overnight
(20:00-8:00) with free access to drinking water. A baseline blood
sample was collected from the tail of fully conscious mice, followed by
intraperitoneal (i.p.) injection of glucose (2.0 g/kg body weight), and
blood was taken from the tail at 15, 30, 60, 90, and 120 min after
injection. Insulin tolerance test (ITT) was performed at 12 weeks after
transplantation. Animals were fasted for 2 h (12:00-14:00), and base-
line blood samples were collected from the tail of fully conscious mice.
Insulin (1 U/kg body weight) (Humulin; Eli Lilly) was administered by
i.p. injection, and blood samples were taken from the tail at 10, 15, 30,
45, and 60 min after injection. Glucose concentrations were deter-
mined from blood using an OneTouch Ultra portable glucometer
(LifeScan)*%31,

Acute injection of 12,13-diHOME

10pg/kg body weight of 12,13-diHOME (Cayman Chemical,
#10009832) or the structural analog 9,10-diHOME" (Cayman Chemi-
cal, #53400) as a vehicle was infused into the jugular vein of aged male
and female mice. The infusion was administered at a constant rate,
with a total volume of 10 mL/kg body weight. Afterward, cardiac PV
analysis was performed and blood was immediately removed by car-
diac puncture to assess 12,13-diHOME concentration.

TNT-Ephx1/2 treatment

TNT devices were fabricated from double-side polished silicon wafers,
as reported previously™*>*>*3, Briefly, projection lithography was used
to define 400-500 nm on a photoresist. Deep reactive ion etching was
then used drill nanochannels through the exposed Si surface. The
backside of the wafers was then patterned with an array of 50-um
openings via standard photolithography followed by deep reactive ion
etching to gain fluidic access to the nanochannels. A 50-nm-thick
insulating layer of Si3N4 was deposited on the wafers via plasma-
enhanced chemical vapor deposition (Supplementary Fig. 11)*2. The
Sham mice received TNT with a Sham (empty vector) plasmid to serve
as a control group in the experiment®.

All plasmids (Ephxl and 2) were purchased from Origene and
expanded in Escherichia coli following standard procedures*. Before
TNT, each plasmid was diluted in PBS to a final concentration of
0.05 pg/pL and loaded into the plasmid reservoir of the TNT device.
The fur was removed, and the skin was exfoliated. The TNT device was
then put in contact with the skin, juxtaposed to an intradermal positive
electrode. The negative electrode was inserted into the plasmid
reservoir, and a pulsed electric field (250V, 10-ms pulses, 10 pulses)
was applied across electrodes. Approximately 2-3cm? were TNT-
treated per mouse. This procedure was conducted directly on the skin
that overlies suprascapular and inguinal BAT and white adipose tissue
deposits, respectively, beginning in mice who were 21 months of age
and was repeated weekly for a total of 6 weeks™*.

Lipidomic profiling and 12,13-diHOME quantification

We measured circulating 12,13-diHOME by ELISA (Cayman Chemical,
#501720) or by LC-MS/MS-based lipidomics calibration curves for
12,13-diHOME were constructed using standard solutions. For all
mouse experiments, blood was taken by cardiac puncture. For lipi-
domics, all lipid standards were purchased from the Cayman Chemical
Company. CI8SPE cartridges were purchased from Biotage.
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All solvents are of high-performance liquid chromatography or liquid
chromatography/mass spectrometry (MS) grade and were acquired
from Sigma-Aldrich, Fisher Scientific, or VWR International. Aliquots of
100 pL serum were extracted using methanol and methyl tert-butyl
ether (MTBE), followed by water-induced phase separation. The
organic phase was collected and cleaned up using C18 SPE cartridges.
Samples were dried under nitrogen and reconstituted in 50%
methanol’. MS analysis was performed on a SCIEX TripleTOF 6600+
system using the high-resolution multiple-reaction monitoring strat-
egy consisting of a time of flight MS experiment looped with multiple
MS/MS experiments®. Chromatographic separation was performed
using a reverse-phase C18 column (2.1x100 mm, 1.7 pm). Mobile
phases consisted of water with 0.1% formic acid (A) and acetonitrile/
isopropanol (70:30) with 0.1% formic acid (B), at a flow rate of 0.3 mL/
min and a column temperature of 40 °C. The identity of a component
was confirmed using PeakView software (SCIEX), and quantification
was performed using MultiQuant software (SCIEX). The quantification
of 12,13-diHOME was performed against a standard calibration curve
built with 15 points ranging from 0.01 pg/pL to 1000 pg/pL. Internal
standards were included for normalization. Obtained values were
corrected with the corresponding internal standard. All measurements
were performed in a blinded fashion™'*",

In vivo cardiac function

Mice were anesthetized with 1-2% isoflurane and echocardiography
was performed using a Vevo 3100 Ultrasound. Echocardiogram data
were analyzed using Vevolab software'>****,

Cardiac pressure-volume analysis

Cardiovascular  function was assessed using a 0.33mm
pressure-volume (PV) catheter (Millar, Houston, TX) attached to the
MPVS interface (AD Instruments, Colorado Springs, CO). Mice were
anesthetized under isoflurane (3-4% in 1-1.5 L/min O,), intubated, and
attached to a ventilator (Harvard Apparatus, Holliston, MA) under
constant isoflurane. The cardiac cavity was then surgically exposed
and mice were administered intravenous 10% bovine serum albumin
(BSA) 90% saline to account for any loss of blood. The left ventricle was
pierced apically with a 26 G needle and the catheter was inserted to
obtain pressure and volume measurements. Temperature was main-
tained at a baseline of 37.3°C throughout the procedure using a
temperature-controlling heating pad (Physitemp, Clifton, NJ). All
measurements and analyses were performed using LabChart7 (AD
Instruments, Colorado Springs, CO)>.

In vivo glucose uptake

In vivo glucose uptake was measured after 12 weeks of BAT trans-
plantation or sham surgery in aged mice. Mice were injected intra-
peritoneally with 2-DG following an overnight fast. Fluorescence
imaging was performed using an IVIS system under isoflurane anes-
thesia. Fluorescence intensity in regions of interest (ROIs) was quan-
tified using IVIS software™.

Measurements of fibrosis

Mouse LV sections were formalin-fixed (10%) and stained with Mas-
son’s trichrome. Collagen content was quantified as interstitial area
and percent perivascular fibrosis®. All histologic analyses were per-
formed by blinded investigators.

Semi-quantitative PCR and quantitative real-time PCR

Tissue processing and quantitative PCR (qQPCR) were performed®*".
Tissue for qPCR was flash frozen and stored at ~80 °C until processing,.
mRNA was measured by qRT-PCR (Roche LightCycler 480Il) using
SYBR Green detection (QuantaBio). Sigma-Aldrich custom primers
were used for genes of ER stress (ATF4, ATF6, Hspalb, XBP1, Hspas,
GADD34 and Chop), inflammation (IL-6, IL-1B3, TGF-B, and TNF-a),

oxidative stress (SOD1, SOD2, Nrf2, and Gpx1) and BAT-related (Ephx1,
Ephx2, PGCla, UCP1, and GLUT4) with the sequences shown in Sup-
plementary Table 9. All qPCR gene expression was normalized to the
housekeeping gene RLP7 or B-actin. sXBP1 levels were assessed by
semi-qPCR and were calculated as a ratio to usXBP1, with the control
group set to one?.

Assessment of CaMKII expression and activity

The pCaMKII and total CaMKII expression levels are measured by
immunoblotting®*®, The phosphorylated CaMKIl at Thr286/287
(pCaMKII) (Thermo Fisher; PA5-37833; 1:1000), and CaMKII (Badrilla;
A010-56AP; 1:1000) antibodies were commercially sourced. For the
in vitro CaMKII activity model, the 12,13-diHOME incubation (0-25 puM)
was carried out for 5 min in the presence of 32P (2.5 mcCi) with
~800 mcg CaMKII§ (Fisher Scientific, PV3978) in a volume of 100 pl in
reaction buffer.

Microscale thermophoresis (MST) assay

We used MST assay to measure the specific binding of 12,13-diHOME
(Cayman Chemical, # 10009832), to CaMKIIS protein (ThermoFisher,
#PV3978). CaMKIlI protein is labeled with maleimide 2nd generation
dye that is reactive to the thiol groups in cysteine amino acids. Unla-
beled 12,13-diHOME was titrated against a fixed concentration of
50 nM labeled CaMKII§ protein that is either preincubated with or
without ATP. The measurements were carried out using Monolith
2020 (TNG) instrument (Nanotemper). All the reactions were per-
formed using an assay buffer containing HEPES pH 7.4, 150 mM NacCl,
and 0.05% tween-20 in premium capillaries, and the compound was
dissolved in a final concentration of 5% DMSO. The data were recorded
at room temperature using the nano-red laser at 60% with medium
laser power. Data analyses were performed with Prism 9 software, and
the data were plotted using the non-linear regression method with the
single-site binding model.

Cell culture

For mouse fibroblasts, after anesthesia with isoflurane, mice under-
went cervical dislocation. Hearts were extracted and minced in a
solution of trypsin (2mg/ml) dissolved in Hanks Buffered Saline
Solution (HBSS) and were incubated overnight. Culture medium
stopped trypsin digestion, heart pieces were washed with ice-cold
HBSS and collagenase Type Il (Worthington Biochem: L5004174) was
dissolved in HBSS. Heart pieces were repeatedly shaken then pipetted
to dissociate tissue into single cells and supernatant was drawn off and
added to a solution of culture medium to inhibit over digestion.
Fibroblasts were centrifuged and then resuspended in DMEM growth
medium (Gibco: 10313-021) supplemented with 10% FBS (Atlanta Bio-
logicals: S11195H) and 1% each of Anti-Anti antibiotic-antimycotic
(Gibco 15240-062, 100 mL) and L-Glutamine (Sigma: G7513, 20 mL).
Cells were grown for 5-7 days to 80-100% confluency at 37°C in
5% CO,.

Human cardiac fibroblasts were enzymatically isolated from
nonfailing left ventricular tissue and were minced in 2 mg/mL col-
lagenase Il (Worthington Biochem: L5004174) dissolved in 1x Ham'’s
F-10 buffer (Gibco: 11550043). After digestion, the extract was filtered
and centrifuged. The supernatant was discarded, and cells were
resuspended in DMEM (Gibco: 10313-021); supplemented with 10% FBS
(Atlanta Biologicals: S11195H), 1% L-glutamine (Sigma: G7513), and 1%
Antibiotic Antimycotic (Gibco: 15240-062). Cells were allowed to
adhere to culture plates for -4-5 h before removing media containing
nonadherent cells (e.g., endothelial, myocytes). Fresh feeding media
were replenished, and cells were grown for 5-7 days to 80% to 100%
confluency at 37 °C in 5% CO,”. Cardiac fibroblasts were treated 5 pM
Angll (R&D Systems: 1158), 200 nM OA (Sigma-Aldrich: 09381), 1 pM
tunicamycin (Sigma-Aldrich: T7765) for 24 h and 1M 12,13-diHOME
for 1h and those of controls (PBS).
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Seahorse bioanalyzer

Isolated fibroblasts (25,000 per well) were seeded onto laminin-
coated Seahorse Plates (Agilent) according to standard protocols.
Cells were treated for 1h with 10puM 12,13-diHOME or were
untreated. The oxygen-consumption rates (OCR; indicating mito-
chondrial respiration) and extracellular acidification rates (ECAR;
indicating glycolysis rate) were monitored in a Seahorse XF24
instrument using the standard protocol of 3-min mix, 2-min wait
and 3-min measure. Carbonyl cyanide-p-trifluoromethoxy-phenyl-
hydrazon (FCCP; 2 uM) was used to determine the cells maximal
respiratory capacity by allowing the electron transport chain to
function at its maximal rate (maximal respiratory capacity is derived
by subtracting non-mitochondrial respiration from the FCCP rate).
Oligomycin (a complex V inhibitor; 2 pM) was used to derive ATP-
linked respiration (by subtracting the oligomycin rate from baseline
cellular OCR) and proton leak respiration (by subtracting non-
mitochondrial respiration from the oligomycin rate). Antimycin A/
Roteone (mitochondrial inhibitors; 0.5 uM) was used to determine
non-mitochondrial respiration. Data from wells of the same treat-
ment group were averaged together and analyzed directly using
Waves software. For the normalization of respiration to protein
content, cells were lysed in RIPA buffer and protein concentration
was measured by Bradford assay.

Bulk RNA-seq analysis

Heart tissues were collected from young, aged, and +BAT-aged male
mice. Differentially Expressed Genes (DEGs) were determined using
the Benjamin and Hochberg false discovery rate (FDR) correction
method to address multiple testing. A volcano plot was generated
using GraphPad Prism (version 10) to identify significantly differen-
tially expressed genes. For visualization of expression patterns across
samples, a heat map was constructed using hierarchical clustering
based on normalized expression values, using MetaboAnalyst (ver-
sion 6.0) (https://www.metaboanalyst.ca/MetaboAnalyst/faces/home.
xhtml). GO analysis was conducted to elucidate the cellular compo-
nents associated with the differentially expressed genes, utilizing

Metascape (https://metascape.org/gp/index.html#/main/stepl) in
October 2020.
Statistics

The data are presented as mean + SEM or mean +SD as indicated in
figure legends. Statistical significance was defined as P<0.05. To
compare between groups, after assessing the normal distribution, we
performed appropriate statistical analyses, including Student’s ttests
for normally distributed data, ANOVA with Tukey’s post hoc analysis
for parametric data, and the Mann-Whitney U test or Kruskal-Wallis
test for nonparametric data. All statistical analyses will be performed
using SPSS (ver 20) or GraphPad Prism (version 10).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided within this paper. The lipidomics data gen-
erated in this study have been deposited in the MetaboLights database
under accession code (MTBLS12646). The RNA-seq data have been
deposited in the NCBI SRA under Accession No. PRJNA1291650. The
lipidomics and RNA-seq data generated in this study are also provided
in the Supplementary information/Source data file. Additional data
that support the findings of this study are available from the corre-
sponding author upon reasonable request. Correspondence and
requests for materials should be addressed to K.LS. Source data are
provided with this paper.
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